Our measurements of surface enhanced Raman scattering (SERS) on Ga 2 O 3 dielectric nanowires (NWs) core/silver composites indicate that the SERS enhancement is highly dependent on the polarization direction of the incident laser light. The polarization dependence of the SERS signal with respect to the direction of a single NW was studied by changing the incident light angle. Further investigations demonstrate that the SERS intensity is not only dependent on the direction and wavelength of the incident light, but also on the species of the SERS active molecule. The largest signals were observed on an NW when the incident 514.5 nm light was polarized perpendicular to the length of the NW, while the opposite phenomenon was observed at the wavelength of 785 nm. Our theoretical simulations of the polarization dependence at 514.5 nm and 785 nm are in good agreement with the experimental results.
Introduction
Surface enhanced Raman scattering (SERS) has been regarded as a unique technique to detect trace levels of chemical compounds, since the vibrational information is very specific to the bonds in the molecules. In recent years, there has been significant interest in exploring various nanostructures as SERS substrates to optimize the electromagnetic field enhancement and significantly improve sensitivity. In the case of nonspherical nanoparticles it has been shown that the SERS enhancement is strongly dependent on the direction of polarization of the exciting incident light [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Of particular interest are cylindrical geometries because the enhancement is a function of the aspect ratio. In addition, in the case of very long Ag nanowires it has been shown that surface plasmons can be launched at one end of the nanowires and travel to the other end. Recently there has been interest in metal coated dielectric core nanowires because they form plasmonic shells [13, 14] . These geometries can form the basis of plasmonically modulated photonic devices. It is well known that the local electric field in plasmonic coupling of closely spaced particles, usually called "hot spots," can be orders of magnitude stronger than those on individual particles. The importance of "hot spots" in SERS process has been widely discussed [15] [16] [17] [18] [19] [20] [21] .
In this work, a highly effective SERS composite of dielectric Ga 2 O 3 NWs core/silver was employed to investigate the SERS intensity dependence on the laser polarization. Experimental results show that both variable wavelength and angle of the incident light play very important roles on the resulting SERS intensity. Our theoretical simulations indicated that the maximum SERS enhancement could be obtained when the polarization is perpendicular to the NW length at 514.5 nm excitation, while the opposite phenomena should be expected at a laser wavelength of 785 nm. All of these expectations are in good agreement with our experimental observations. In addition, further experiment shows that the orientation of self-assembled monolayer of active SERS molecules on the NWs may affect the SERS enhancement as well.
Experimental Details
Random Ga 2 O 3 NWs were grown via the vapor-liquid-solid (VLS) growth mechanism [22] . The gallium metal (99.995% pure) used as a source was placed 6 inches upstream from 2 Journal of Nanomaterials the Si (100) substrate, which had a 20 nm gold film. The furnace was heated to 900
• C while flowing simultaneously a mixture of argon and oxygen gases in a ratio of 6 : 1 through the tube. To study the SERS behavior of a single NW, the Ga 2 O 3 NWs as grown on a Si substrate were sonicated off in methanol, dropped and dried on a bare silicon surface for further SERS study.
The discrete single NWs were covered with a layer of silver produced by an electroless (EL) plating approach for the SERS behavior study, which has been described in our previous report [13, 14] . Briefly, the silver ion in Tollen reagent was reduced to neutral Ag and then homogenously deposited on the NWs surface. The morphology of the silver on the NW surface is directly related to the chemical concentration and reaction time. Usually, short reaction time of the silver electroless plating process results in closely spaced but separate nanoparticles, while longer times lead to linking up of the islands into a rough layer.
The SERS line maps were carried out using a confocal μ-Raman system which consisted of a Mitutoyo Microscope and an Ocean Optics QE65000 spectrometer equipped with a thermoelectrically cooled CCD. The 514.5 nm line of an Ar + ion laser was used as the excitation source. The microscope utilized a 100x 0.7 NA objective for focusing the laser light and was coupled to the spectrometer through a fiber optic cable. The maps were collected with low laser power of 0.75 mW at the sample. This was done to prevent desorption and damage to the benzenethiol and to prevent alterations to the Ag layer. The SERS intensity dependence on variable polarization angles was performed using a Delta Nu system which consists of an Olympus Microscope and a Raman spectrometer equipped with a thermoelectrically cooled CCD. The 785 nm line of Ti: Sapphire laser was used as the excitation source to detect the SERS strength dependence on a single NW/silver composite. The microscope utilized a 50x 0.75 NA objective for focusing the laser light. The spectra were collected with a laser power of 3 mW at the sample.
The full Maxwell's equations are solved numerically using the finite elements method (FEM) through the RF module of the COMSOL Multiphysics finite-elements package [23] . We used FEM simulations because they are more appropriate for the complex geometries of nanowires placed on a substrate [24] . FEM approaches have been shown to agree well with finite difference time domain simulations [24, 25] . In addition, the FEM technique implemented via COMSOL has been shown to be capable of accurate simulation for nanoshell structures on substrates if sufficiently accurate meshing is used and appropriate absorbing perfectly matched layers PML are used on the boundaries [26] [27] [28] . This approach allows us to treat the scattering problem by bringing in planes waves of a specific polarization and then calculating the scattered fields. As another test of the numerical simulations, we find excellent agreement between the COMSOL results with the analytical Mie solutions for scattering from an Ag sphere [24, 27] . The modeling of the nanowires in air above an Si substrate requires the construction of separate PML boundaries for both the Si and air regions. The dielectric constants of each PML match its adjoining region, either Si or air. To avoid artifacts due to scattering at the boundaries between the Si and air regions of the PML's, the scattering at the air-Si interface is incorporated into the incident-polarized plane wave by means of analytical functions for the Fresnel coefficients. The resulting incident field is thus an exact solution in the absence of the nanowire. The numerical finite element solution for the scattered field is then calculated in the presence of the nanowire. This requires sufficient meshing to adequately resolve both the nanowires with shells and the PML boundaries [27, 28] .
Results and Discussion
To demonstrate the surface enhanced Raman scattering (SERS) polarization dependence on the direction of the nanowires (NWs), we carried out the mapping investigations on NW/Ag composite on the same NW using a 514.5 nm excitation with parallel and perpendicular laser polarization, respectively. The Ga 2 O 3 NWs, used in all experiments, were grown via the vapor-liquid-solid (VLS) growth mechanism. Empirically, the length and diameter of Ga 2 O 3 NWs depended on the growth time and gas flow rate, as well as the catalyst size. In our growth, the diameters varied from 50 nm to 300 nm, and the length was usually greater than 10 microns. Energy dispersive X-ray (EDX) analysis showed that the chemical composition of the NWs was stoichiometric Ga 2 O 3 . Benzenethiol (BT) was used as the SERS active molecules.
The intensity dependence maps of the 1576 cm −1 BT SERS band on incident laser polarization are shown in Figures 1(a) and 1(b), by which the polarization dependence can be easily visualized. Both of the images were mapped at the same region of the sample by rotating the sample. Figure 1 (c) shows the corresponding microscope image of the SERS mapping area. From the maps, it is obvious that the signal strength is maximized when the laser is perpendicular to the NW.
To verify our experimental observation, we performed the simulations using the RF module of COMSOL Multiphysics, which provides a finite-element solution of Maxwell's equations. Figures 2(a) and 2(b) show the simulated SERS maps of the NW with length of 500 nm at a laser wavelength of 514.5 nm, indicating that the strongest SERS signal occurs when the polarization is perpendicular to the NW longitude, which clearly confirmed the incident laser polarization effects on the SERS strength, as we obtained in experiments shown in Figure 1 . It is noted in the maps that the plasmon oscillations are clearly observed along the NW when the polarization is parallel to the NW, while the transverse modes have excitations along the radial direction and hence much shorter period and uniform in NW's longitudinal direction.
Furthermore, more comprehensive simulations were carried out in the range of wavelength from 400 nm to 900 nm, as shown in Figure 3 , which includes the wavelength of 514.5 nm used in the mapping experiments and simulations above. By comparison of Figures 3(a) and 3(b) , it is obvious that, in the case of parallel, the SERS enhancement factor is 10 6 ∼ 10 7 , while the perpendicular case shows an enhancement factor of 10 8 ∼ 10 9 , clearly indicating that the NW/Ag composites show stronger SERS enhancement when the laser polarization is perpendicular to the NW direction at 514.5 nm, which is in good agreement with the experimental mapping images of Figure 1 to the observations at the excitation of 514.5 nm. Hence, we performed further investigations of SERS enhancements dependence on the incident angles using incident laser of 785 nm and 514.5 nm. In the process of measurements, data were collected at three different angles, including 0 • , 45
• , and 90
• , respectively. The representative BT SERS line of 1576 cm −1 at different angles and laser wavelengths are shown in Figure 4 . The red and green lines are roughly linear fitting of the experimental data obtained at three angles, which clearly indicates the trends of SERS enhancement dependence on the incident laser angles and the different wavelengths. It is noted that the data were normalized to the maximum intensity.
More detailed simulations of the SERS polarization dependence of the NW core/Ag composites for the incident wavelength of 785 nm and 514.5 nm are shown in Figures  5(a) and 5(b) , respectively, which provide a continuous SERS enhancement trend from 0
• to 90
• . As can be seen in the calculation, the largest SERS enhancement is completely flipped at the excitation wavelength of 785 nm and 514.5 nm, which matches very well with our experimental observations as shown in Figure 4 . For SERS, the Raman intensity generally increases by a factor of E 4 , where the first two powers of the enhancement are due to the local electromagnetic field which in the present case is predominantly due to the contact between the nanowire and the Si substrate. The second two powers of the enhancement factor are the Raman emission enhancement. As a result of these two contributions to the SERS enhancement, it has been argued [9] that this should lead to a simple sin 2 (θ) polarization dependence for a nanowire. If θ is the polarization angle of the incident light with respect to the direction along the length of the nanowire, then the local electric field is |E loc (ω, θ)| = |E max (ω)| sin(θ) where E max is the maximum of the local electric field. However, the direction of the induced electric field between the nanowire and the substrate is always in the direction across the nanowire-substrate contact (θ = π/2) and independent of the incident polarization. Thus the total SERS enhancement is expected to be proportional to
where generally a phase shift phase is also expected due to the fact that metallic nanowires on substrates which are tens of microns in length can function as Fabry-Perot cavities resulting in geometry specific standing plasmon waves [26, 29, 30] . Polarization dependences as in (1) have been previously observed [9, 30] . This is also consistent with the simulation results in Figure 5 where the difference between (a) and (b) can be described in terms of a different phase shift occurring at each excitation wavelength. This can be expected due to the observations that in the Fabry-Perot behavior of nanowires on substrates [26, 29] , the surface plasmon wavelength has been found to differ from the excitation wavelength (e.g., between 400-600 nm for excitation at 785 nm [26, 29] ) and is geometry dependent. As a result, the plasmon standing waves will generally occur with different relative phase shifts and the maximum enhancement may occur at a different polarization angle depending on the excitation wavelength. This has been observed for the first time in the present work and the result is consistent with previous observations of metallic nanowires on substrates [26, 29, 30] . From the comprehensive simulation results of Figure 3 , we can see that the polarization angle dependence of the wire at 633 nm would exhibit similar behavior to that shown for the 514 nm in Figure 5(b) , but the SERS enhancement in the 90
• case shows stronger enhancements and more extended fields compared to the 514 nm case shown in Figure 2(a) . For the 0
• case, the SERS enhancement would be predicted to be weaker at 633 nm compared to the 514 nm case. This is shown in Figure 6 .
In addition, the NW/Ag composites SERS dependence on the polarization was experimentally investigated using a laser excitation of 785 nm to investigate the incident angle effects on the SERS enhancement in detail. Figures 7(a) and 7(b) show the high resolution SEM image of an isolated bare NW and NW/Ag composites. As shown in Figure 7 (b), a rough layer of silver was clearly plated on the NW surface, which is produced by an electroless (EL) approach [13, 14] . From the SEM image, the silver nanoparticles display 3D islands with a diameter range of 20 nm. The space between the particles is less than 10-20 nm, which leads to the strong plasmonic oscillation due to coupling of individual nanoparticles/island formed on NWs, as we reported previously [13] . The SERS spectra were carried out by changing the angle θ in 15
• increments between the electric field of the incident light and the axis parallel to the NW length, as shown in the sketch of Figure 7 (b). To minimize the time-dependence degradation influence of the SERS signal intensity during the measurements, two cycles of SERS measurements, from 0 • to 90
• , then back to 0 • , were performed on a single NW. The data obtained from those two cycles were averaged for the spectra plots of each angle. Figure 7 (c) shows a series of SERS spectra as a function of the incident light polarization angles from 0
• . Here benzenethiol (BT) molecules were used as SERS active molecules. The major Raman peaks at 1001, 1023, 1073, and 1574 cm −1 can be assigned to symmetric ring breathing, inplane phenyl ring bending, in plane C-H bending, and in plane C-C stretching of the phenyl ring from BT, respectively, which is in good agreement with those reported previously [31] [32] [33] [34] [35] [36] . It is clear that the SERS signal displayed strong dependence on the polarization direction of the incident laser on a single NW, and the strongest SERS intensity was observed when the polarization is parallel to the NW length at an angle of 0
• . A plot of the normalized intensity data of the representative BT SERS band as a function of polarization angle is shown in Figure 7 (d) (red curve), by which the polarization dependence can be easily visualized. It is obvious that the strength of SERS signals is maximized at 0
• , which is different from the SERS strength dependence on laser polarization reported previously on pure silver or gold NWs with sparse noble metal particles [8, 9] . The latter reported that the maximum of the SERS enhancement was observed when the polarization was perpendicular to the metal NWs. The difference may be attributed to the fact that the dielectric Ga 2 O 3 NWs SERS substrate and the uniform coverage of silver particles layer play important roles in this polarization dependence process. That is to say the NWs SERS behavior is also related to the structure and composites of the SERS substrate. Additionally, a bump was observed at the angle of around 30
• for BT molecules as shown in Figure 7 (d) (red curve). A possible explanation to this observed bump around 30
• is that the orientation of the attached active molecules may have effect on this polarization dependence behavior. It is well known that the benzene rings of BT could easily form a self-assembled monolayer on a silver surface. In our study, the dielectric core was wrapped with a layer of silver, which provides a favorable condition for the formation of the ordered self-assembled monolayer (SAM). However, numerous reports in the literatures indicate that the orientation of the phenyl ring plane vary from perpendicular to flat from the substrate surface [37] [38] [39] [40] [41] [42] [43] [44] [45] . The SAM orientation of BT may affect the SERS enhancement factor when the incident light angle is variable. Here, as shown in the Figure 8(a) , we assumed that the BT SAM was deduced to be tilted about 60
• from the substrate surface, which is similar to the research results obtained by Szafranski et al. [37] . Hence the abrupt increase of SERS signals at the angle of around 30
• could be attributed to the perpendicularity between the laser polarization direction and the phenyl ring plane. This is consistent with the electrostatic model interpretation of Gunnarsson et al. [46] for the relative SERS intensities of rhodamine 6G and thiophenol in terms of the orientation of the phenol ring out from the surface. This observation implies that the SERS signal strength highly depends on the molecules packing structure on the active substrate, which may provide a useful way to investigate the orientation of self-assembly molecular monolayer on surface via SERS technique.
Journal of Nanomaterials To eliminate the effect of the SAM on the polarization behavior, and to investigate the pure polarization dependence on the NW direction, a random physically adsorbed layer of rhodamine 6G (R6G) was employed to study the SERS dependence on a single Ga 2 O 3 NW. Figure 7 (e) shows a series of SERS spectra of R6G with variable angles. Since R6G was attached randomly on an NW surface, this could effectively remove the polarization effect caused by the ordered molecular orientation. Hence the SERS polarization dependence behavior would completely come from the NW/Ag composite. Representative SERS line of R6G versus angle was plotted in Figure 7 (d), which clearly show that the signal intensity of R6G increases with a decrease of the incident light angle. The signal is maximized when the polarization direction of the light is parallel to the NW direction (θ = 0
• ), which is in good agreement with the observation of BT molecule at the same incident wavelength of 785 nm.
It is observed that R6G random molecules layer shows a stronger polarization effect than BT ordered layer, which is opposite to what one would expect. However if the size of the molecules and the roughness of the silver particles on NWs are taken into account, the fact should be easier to understand. As shown in Figure 8 , it is clear to see that the area of R6G is much larger than BT. This means that, per unit, the number of R6G molecules is much smaller than BT, which results in the ordered fact of benzene rings in the case of R6G, somehow. Additionally the silver particles on NWs are separated island, not perfectly smooth surface, which may cause the disorder pack of the BT molecules, and reduce the enhancement dependence on the polarization. Based on these facts, it is possible and reasonable that R6G layer shows a stronger polarization effect.
It has been reported that the bare single-crystalline silver NW showed SERS enhancement only when the laser polarization direction was perpendicular to the long axis of the NW [47] . In the case of the dielectric Ga 2 O 3 NW core/silver layer composites, we observed SERS enhancements for both perpendicular and parallel polarization directions. This can also be attributed to the structure difference of the SERS active substrate. Some calculations indicated that the maximum enhancement of the plasmon resonances in noble metal spheroids arises from the region of the highest curvature [48] [49] [50] . Recently Hill et al. reported the high efficacy of gold-nanoparticle-(NP-) gold film system in generating large field enhancements due to the extremely close distance between the NP and the film, clearly demonstrating the importance of the substrate gap for SERS enhancement [51] . We have also demonstrated that there is a significant interaction between the spherical silver NPs on the ZnO NW due the closely spaced NPs, and the islands also interact with the dielectric NW substrate, further increasing the enhancement [13] . In addition, the SERS enhancement dependence on the polarization direction was observed for all bands at the excitation source of 785 nm and 514.5 nm. In recent years, a significant amount of work has been published on SERS, some of which has been on nanostructures, such as 1D nanowires [52, 53] . However, there are no reports of results such as those that we are presenting in this work. Thus all of these studies deepen the understanding of the strong SERS enhancement using dielectric NW core/silver layer composites and the underlying plasmonic behavior, which is critical to the development of sensor technology that can eventually be used for trace chemical, biological, and explosive sensing.
Conclusions
We have demonstrated the strong SERS dependence on the polarization direction of the incident light by investigating dielectric Ga 2 O 3 NW core/silver composites, which showed that the SERS enhancement not only relies on the polarization direction of light with respect to the NW, but also on the wavelength of the incident laser and the orientation of SERS active molecules. Specifically, the strongest intensity of the SERS enhancement is obtained when the polarization of the incident light is parallel to the NW length at the incident wavelength of 785 nm, while the signal is maximized when the polarization is perpendicular to the NW length at 514.5 nm, which were confirmed by both experimental and theoretical simulation results. Therefore the SERS enhancement can be maximized by optimizing the direction of the NW, the incident angle of the laser polarization, the orientation of the molecules, and the wavelength of the laser.
